Cross-sectional transmission electron microscopy with elemental analysis was used to investigate shape and composition of nanostructures fabricated by electron beam induced deposition. The nanostructures were deposited on a thin edge of the silicon membrane allowing characterization without intermediate distorting preparation steps, such as focused ion beam milling. The effect of the surface carbon contaminants and the electron beam focusing on nanostructure composition was studied. It is shown how carbon content of nanostructures can be reduced by sample preheating, forming metal nanostructures with higher purity advantageous for circuitry and lithography applications.
Introduction
Electron beam induced deposition (EBID) is a nanofabrication technique capable of surpassing spatial resolution of the ordinary electron beam (e-beam) lithography. Nanostructures with dimensions below ~ 20 nm can be routinely formed without additional metal deposition and lift-off processes associated with the conventional e-beam patterning. As a result, the fabrication of nanostructures by this method is considered advantageous for a number of applications, such as circuitry, lithography and stencil mask repair, among others (for recent reviews see [1, 2] ).
In general, it is believed that the dissociation of precursor gas molecules adsorbed on the sample surface is responsible for the formation of nanostructures. Their shape and composition depend on many parameters, such as precursor gas content, beam current density, surface condition, etc. While the deposition takes place under vacuum, the omnipresent surface carbonaceous layer inevitably contributes to the nanostructure formation process. The contribution can be either direct, when carbon atoms become incorporated into deposits, or indirect, when the surface chemistry changes for precursor gas molecules affecting their adsorption/desorption/dissociation routine. Although a contamination build-up itself can be used, for example, for carbon nanowire fabrication [3] , its incorporation into metal nanodeposits is detrimental to their electric properties.
Thus a special effort is being devoted to the fabrication of nanostructures with high metal content, desirable for circuitry and lithography applications. For example, better purity deposits can be obtained under ultra-high vacuum (UHV) conditions [4] or by employing post-deposition annealing [5] . It was also shown that metal nanowires formed on the surface pre-treated by the oxygen plasma ashing and annealing indeed possess superior conductivity properties [6] . While the important role of the carbonaceous layer is generally admitted, a dedicated observation of the actual nanodeposits composition affected by surface preparation, to our knowledge, has not been performed as of yet.
In this work the mechanism of the contamination contribution has been studied by the cross-sectional transmission electron microscopy with elemental analysis. Metal/carbon distribution inside nanodeposits was visualized through the bright field imaging and analyzed by the electron energy loss spectroscopy. It 3 is shown how the presence of a surface carbonaceous layer affects both size and structure of nanodeposits fabricated from an organic precursor gas. It appears that deposits with a higher metal content can be obtained by relatively simple surface preheating. The effect of the electron beam current density was also investigated by changing beam focusing during the fabrication.
Experimental methods
A scanning electron microscope (SEM, JEOL JSM-6700-F) with a precursor powder evaporation unit was employed for EBID. A 30 keV energy beam with 30 pA sample current were used with W(CO) 6 precursor gas at pressure 4·10 -4 Pa for all the depositions. Nanostructures were characterized by scanning transmission electron microscope (STEM, JEOL JEM-2500SES) equipped with electron energy loss spectrometer (EELS) for elemental analysis. In order to avoid possible artifacts caused by sample preparation involving standard focused ion beam (FIB) milling the deposition was performed on a thin edge of Si membranes. The membranes were prepared by ion dimpling of Si disks with subsequent cleavage and additional low-angle sputtering ( Fig. 1, top) . By examining obtained membranes in optical microscope thin areas suitable for deposition (< 100 nm) could be identified by the presence of color fringes. After the deposition membranes were immediately transferred to the STEM unit for analysis.
To reduce surface contamination contribution some membranes were baked at 80 o C for 5 minutes in air or at 300 o C for 1 hour in vacuum (at 10 -4 Pa). The former method is well-known in the TEM community as a practical way of contamination reduction for better quality high-resolution imaging [7] .
Membranes annealed in vacuum were quickly moved in air to the deposition unit after the treatment.
Quantitative analysis of the baking effect on surface chemistry was carried out by x-ray photoelectron spectroscopy (XPS, Ulvac PHI Quanter SXM).
Results
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(right) and untreated (left) are shown. It is seen that while the dots have similar lateral dimensions the secondary electron signal intensity is higher for the unprocessed sample. This is a general trend and for four pairs of dots measured for comparison the average intensity ratio was about two times. Such an effect was reported in [6] , where nanowire height was evaluated with an atomic force microscope (AFM) yielding lower values for nanodeposits formed on pre-cleaned surfaces. In general, however, the difference in SEM signal intensity can originate both from the size and composition differences.
In Fig. 2 (top) a typical STEM bright-field image of the nanodot formed on as-prepared surface is
shown. Lattice fringes of the silicon substrate can be discerned with two different layers present on top of it. The layers are identified by the EELS analysis (not shown) as a native silicon dioxide layer with a carbon-rich film on top of it. The dot shape profile is a Gaussian, as would be expected for a typical deposition shape profile from the Monte-Carlo simulations [8] . The elemental analysis of the dot itself is shown below for another nanostructure, which dark-field STEM image is also presented (brighter areas on a dark-field image correspond to a higher atomic number element). It is seen from the EELS data how tungsten peak first grows following the increase in dot diameter and then drops practically to zero for the lower part of the structure. Such a composition with a carbon-rich "basement" is found to be typical for the untreated substrate and was repeatedly observed for a large number of nanodots.
The quantitative effect of the sample annealing in air is shown in Fig. 3 , where XPS spectra of the C 1s line are presented for untreated and pre-heated membranes. It is seen that the intensity of the carbon peak drops about two times after the treatment, while the left shoulder of the peak, associated with a C-O bond, increases in relative units.
While the change in the amount of carbon seems to be only moderate as a result of the annealing, the nanodot composition undergoes a remarkable transformation. In 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 without significant traces of carbon visible. An EELS tungsten profile for another dot is shown in Fig. 5 confirming results of the bright-field imaging. Metal content is growing with increasing dot diameter all along the structure until its foundation. Again, a large number of dots revealing similar composition were observed.
Finally, the effect of beam current density on nanodeposit composition is shown in Fig. 6 . Three nanostructures formed with beam focusing increasing from right to left are shown for the unprocessed substrate (Fig. 6, top) . The tungsten content is clearly growing with a higher current density, however no dots without a carbon "basement" were ever observed for the untreated substrate. Below on the same figure a nanostructure formed with a defocused beam on the substrate annealed in vacuum is shown. The metal content is low all across the observed cross-section, unlike for the dots shown in Fig. 4 .
Discussion
From the comparison of dot images in Fig. 2 and Fig. 4 it appears that the metal content can be significantly enhanced by the substrate preheating. Elevating baking temperature further does not seem to have a profound effect on the deposited nanodots composition (cf. Fig. 4 , top and bottom). We also note that although the total amount of the surface carbon does not change drastically upon baking (cf. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 An important application of the EBID technique is the fabrication of lithographical pattern subsequently transferred to the substrate by the etching [11] . In a separate study we show how small metal nanodots can be used as an etching mask for the fabrication of semiconductor nanostructure featuring quantum-confinement effects [12] . The presence of a carbon "basement" in that case has a negative effect on surface adhesion for smaller metal dots as well as on the etched semiconductor nanostructure size, effectively acting as a mask prolongation [13] . From this perspective higher purity metal nanostructures achievable with good beam focusing on pre-treated surfaces also appear advantageous. Another widely used application of EBID is nanowire formation for circuit fabrication and repair [14] . It was shown how better conductivity wires can be produced on surfaces with reduced contamination [6] . An oxygen plasma etching was mentioned as a useful tool along with the sample preheating, discussed here.
The nanostructures formed by the deposition with a defocused beam in general contain less metal and its content increases with beam focusing (Fig. 6) . The observed result is in line with previous observations of the beam current effect [15] , where higher metal content was typically found in nanostructures produced with a higher current probe. This effect can be explained by the beam induced local heating, forcing carbon-based volatile compounds to detach [2] . For the deposition on the preheated surface, on the other hand, the constituting carbon presumably originates from the precursor gas itself rather from surface contaminations. Here an organic precursor gas was used, while inorganic compounds like WF 6 are also available and known for yielding higher metal content deposits compared to their organic counterparts [2] .
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